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We analyze the prospects for thermal spin injection from iron into gallium arsenide via the application of electrical
noise. By estimating the applied effective temperature-equivalent gradients, we characterize the magnitude of any
electrical part of the thermal spin injection efficiency, or spin-dependent Seebeck effect. The magnitude of the non-
local spin signal associated with this effect suggests that temperature differences of the order of ∼100 K would be
needed for true thermal spin injection experiments. The large size of the effective temperature gradients induced by the
noise-based method means that even very small thermo-electric effects can be quantified.
The creation and detection of non-equilibrium spin polar-
ization through electrical contacts of ferromagnetic to non-
magnetic materials has been comprehensively studied in both
metals1–3 and semiconductors4–6. This has led to new insight
into the dynamics of non-equilibrium spin polarizations, in-
cluding the spin Hall effect7–9, nuclear spin polarization10–12
and the effect of spin-orbit fields13.
Whilst typically electrical bias is used to drive spin-
polarized charge carriers from the ferromagnet into the non-
magnetic materials, more recently temperature differences
have been applied across this interface in order to study
the spin dependence of thermoelectric effects. The re-
sulting thermal-spin-injection has been measured in metal-
lic devices14, silicon,15 and germanium16,17 and is discussed
in terms of a spin-dependent Seebeck effect or spin See-
beck tunneling associated with the interface15,17. However,
thermal spin injection has yet to be demonstrated in the
archetypal metal-semiconductor electrical spin-injection sys-
tem, Fe/GaAs4. The formation of a Schottky barrier at the
Fe/GaAs interface eliminates the conductivity mismatch, and
all-electrical spin injection and detection is routinely studied
in non-local spin valve devices. Attempts to observe thermal
spin-injection in this system may have gone unpublished as it
is difficult to quantify any lack of signal due to the reliance on
finite element modeling in estimating temperature differences
across the nm-scale tunnel barrier17. This makes it hard to rule
out any effect based on direct thermal measurements.
Instead, in this letter we attempt to characterize the
prospects for thermal spin injection in Fe/GaAs by creating
artificially large effective temperature differences through the
application of electrical noise. This allows us to estimate the
magnitude of the electrical contribution to any thermal spin-
injection, even though the effect is likely too small to be mea-
surable directly. This strictly is not thermal spin-injection: in
particular, the noise does not raise the effective temperature
of either the phonon or magnon baths, which may contribute
to the spin-injection through phonon drag and spin-pumping
effects, respectively. However, it may offer an indication as to
why the effect has not been observed in this particular system.
The technique we demonstrate may also be applied in other
systems in discriminating between the different contributions
to thermal spin-injection.
The relationship between voltage fluctuations and temper-
ature is well known, and is most directly demonstrated in the
Johnson-Nyquist formula for the equilibrium voltage noise
across a resistor18,19, a manifestation of the more widely ap-
plicable fluctuation-dissipation relation20. Away from equi-
librium, thermally driven transport has been analyzed in terms
of noise-induced currents21,22 and experimentally, fluctuations
applied to the gate of a nano-electronic device have been used
to characterize its thermoelectric performance23. Different
types of noise and their relation to thermoelectric transport co-
efficients was discussed in a recent theoretical study24. Here,
we use a simple argument based on the Landauer-Bu¨ttiker
transport formalism to relate the equilibrium distribution func-
tions at an effective temperature to an effective distribution
function with applied voltage fluctuations. This relation al-
lows us to estimate the Seebeck-like transport coefficients for
our noise-based approximation to thermal spin-injection. As
shown in Fig. 1 voltage fluctuations and temperature differ-
ences similarly probe differences in density of states above
and below the electrochemical potential. In some sense this is
an application of the Mott formula25, but instead of estimating
the energy dependence of the conductance, for example from
dI/dV measurements26, we use that relation to find a connec-
tion between the response to applied voltage fluctuations and
the thermoelectric effects.
Before proceeding to the experimental results we outline
the proposed connection between thermoelectric Seebeck ef-
fect and response to applied voltage fluctuations. We limit
ourselves to discussion of the normal Seebeck effect before
extending the analysis to the spin-injection analogue.
As the tunneling at the interface is expected to dominate
any thermal spin injection15, we are interested in the transport
properties of the tunnel junction at the Fe/GaAs interface due
to the Schottky barrier. The standard expression for calculat-
ing the current between two electronic systems separated by a
tunnel barrier can be written as an energy E integral27
I = −2e
h
∫ ∞
−∞
Dl(E − µl)T (E − sµ)Dr(E − µr)
× [fl(E − µl)− fr(E − µr)] dE, (1)
where e is the elementary charge, h is Planck’s constant, D
2is the density of states, T is the transmission through the bar-
rier, µ is the electrochemical potential and the subscript l(r)
specifies the left (right) electrode. The mean electrochemical
potential of the electrodes is sµ = (µl + µr)/2, which in case
of a symmetric voltage drop across the barrier is the equilib-
rium electrochemical potential. In the usual cases treated by
the Landauer-Bu¨ttiker formalism the distribution function f is
equal to the Fermi-Dirac distribution,
f(E) =
1
e
(
E−µ
kBT
)
+ 1
, (2)
where T is the temperature and kB is Boltzmann’s constant.
Instead of establishing a temperature difference between
the two electrodes (the Seebeck effect in Fig. 1(a)), we con-
sider a fluctuating voltage applied across the barrier with a
Gaussian probability distribution function (Fig. 1(b)) defined
by the standard deviation σ applied around sµ,
P (µ) =
1√
2σ2pi
e−
(µ− sµ)2
2σ2 . (3)
When the Gaussian probability distribution is applied to a
system with Fermi-Dirac distribution f, the resulting distribu-
tion is given by a convolution of the individual distributions:sf = P ∗ f. In order to study the effect of the voltage fluc-
tuations on the right electrode we assume that the density of
states of the counterelectrode Dl and the transmission func-
tion T of the tunnel junction are both independent of energy
around the electrochemical potential. With the altered distri-
bution function
sfl(E, sµ) = ∫ ∞
−∞
P (µ)fl(E,µ) dµ (4)
of the left electrode we find the time-averaged electric current
from Eq. (1)
sI = −2e
h
∫ ∞
−∞
DlT Dr(E)
[ sfl(E)− fr(E)] dE. (5)
The conductance of the junction, taking into account the en-
ergy dependence of density of states of the right electrode,
can be written as G(E) = 2e
2
h DlT Dr(E). We proceed from
Eq. (1) with a Sommerfeld-type expansion28 to approximate
the integral giving the current. Following Ref. 29, we obtain
I = −1
e
[∫ µl
−∞
G(E) dE+
∞∑
n=1
ml2n
1
(2n)!
d2n−1G(E)
dE2n−1
∣∣∣∣
µl
(6)
−
∫ µr
−∞
G(E) dE−
∞∑
n=1
mr2n
1
(2n)!
d2n−1G(E)
dE2n−1
∣∣∣∣
µr
]
where ml(r)2n is the 2nth moment of the derivative of the distri-
bution function in the left (right) lead with respect to energy,
ml(r)2n =
∫ ∞
−∞
(E − µl(r))2n
(
−∂fl(r)
∂E
)
dE . (7)
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Figure 1. (a) The current in the standard Seebeck effect of a tunnel
junction is driven between two electrodes at temperatures Tl and Tr,
separated by a barrier. Differences in electron flow below (purple ar-
row) and above (green arrow) the electrochemical potential (dashed
black line) contribute to the net current. (b) Seebeck-like effect with
Gaussian voltage fluctuations applied to the tunnel junction. The
time-averaged current can be decomposed into contributions at dif-
ferent times. Positive and negative voltages probe the density of
states in a similar way to the Seebeck effect.
This assumes that the derivative of the distribution function
is only significant in some region around the chemical po-
tential, about which it is symmetric29. Eq. (6) can be rewrit-
ten in terms of differences in the electrochemical potentials
∆µ = µl − µr and differences in the moments of the distribu-
tion functions ∆m2n = ml2n −mr2n,
I ≈− 1
e
∆µG(sµ)
− 1
e
∞∑
n=1
∆m2n
1
(2n)!
d2n−1G(E)
dE2n−1
∣∣∣∣sµ . (8)
Here, the first term corresponds to electrically driven cur-
rent, while the Seebeck effect appears in the second term. For
fr(E) = f(E) and keeping only the first term in the summa-
tion, for whichml(r)2 =
pi2
3 (kBTl(r))
2, the current reduces to the
expected result
I = −pi
2kB
2
3e
sT ∆T dG(E)
dE
∣∣∣∣sµ , (9)
where sT = (Tl + Tr)/2, and ∆T = Tl − Tr.
Next, by evaluating the second moment of the derivative
of the effective distribution function we can compare the ther-
moelectric current to the noise induced effects in our devices.
The derivative of the effective distribution function is
∂ sf
∂E
=
∂
∂E
(P ∗ f) = P ∗ ∂f
∂E
, (10)
the second moment of which is simply the sum of those of the
individual functions, σ2 and pi
2
3 (kBT )
2 respectively30. This
allows us to find a correspondence between the applied noise
and temperature, with the effective temperature of the elec-
trodes given by
Teff =
√
T 2 + 3σ2/pi2k2B. (11)
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Figure 2. (a) Connections to the non-local spin valve device for dif-
ferent experiments (light grey: GaAs, dark blue: Fe). (i) For standard
electrical spin-injection a current is applied to the injection contact,
and the non-local voltage measured on the detection contact. (ii,iii)
For noise measurements an arbitrary waveform generator is used to
apply Gaussian white noise across the injection contact of the de-
vice. We then measure either the local (ii) or non-local voltage (iii)
on the injector or detector contact respectively. (b) Non-local spin-
valve measurements demonstrating electrical spin-injection at differ-
ent temperatures. (c) Injection current dependence of spin-valve sig-
nal at different temperatures. (d) Temperature dependence of the ef-
fective detection sensitivity.
The Seebeck effect is quantified by the usual Seebeck coef-
ficient, which relates the open circuit voltage to the applied
temperature difference V = −S∆T . From the Eq. (8), the
open circuit voltage is
V = − I
G(sµ) = ∆T sT pi2k2B3e 1G(sµ) dG(E)dE
∣∣∣∣sµ , (12)
from which the standard expression for the Seebeck coeffi-
cient is found
S = − sT pi2k2B
3e
1
G(sµ) dG(E)dE
∣∣∣∣sµ . (13)
We will use these standard expressions, but with the effective
temperatures given by Eq. (11) as the arguments, to analyze
our measurements.
The devices used for experiments were fabricated from
a Fe/GaAs heterostructure grown by molecular beam
epitaxy4,9,10,12,31. The active semiconductor layer consists of a
250 nm thick low Si-doped GaAs (nSi = 5×1016 cm−3) trans-
port channel followed by a 15 nm thick layer of graded doping
and 15 nm of highly Si-doped GaAs (nSi = 6×1018 cm−3). A
2 nm layer of Fe was grown on top without breaking the vac-
uum and capped by 3 nm of Al to prevent oxidation of the fer-
romagnet. A narrow Schottky barrier is formed in the GaAs4
with barrier height around 0.2-0.8 V32 and thickness ∼3 nm.
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Figure 3. Noise-driven local Seebeck-like voltages. (a) Measured dc
voltages plotted as a function of the standard deviation of the applied
voltage noise for various temperatures. (b) Rescaled data to extract
the Seebeck coefficient. The effective temperature difference is cal-
culated from the standard deviation of the noise via Eq. (11) and the
voltages are rescaled by sT/Tref. The linear fit to the initial data points
gives an effective Seebeck coefficient −15 nVK−1.
The sample was patterned into non-local spin valve de-
vices by optical and electron beam lithography. Wet chem-
ical etching down to the intrinsic layer was used to define
a bar structure with a 20µm wide transport channel along
the [11¯0] crystal direction of GaAs. The Fe injector and
detector electrodes (1 × 19µm2), patterned by metal evap-
oration and subsequent wet chemical etching, were aligned
with their long axis in the [110] crystal direction of GaAs.
The surface-induced magneto-crystalline anisotropy of the ul-
trathin Fe layer33 together with the lithographically imposed
shape anisotropy makes the long axis of the Fe contacts the
magnetic easy axis. Finally, Cr/Au lines were evaporated to
contact the Fe stripes supported by cross-linked PMMA at the
sides of the GaAs bar to be electrically insulated from the
doped layers. From the five Fe contacts per bar, with center-
to-center spacings of 2µm, a neighboring pair was chosen for
non-local spin valve experiments.
Measurements were made in a Helium flow cryostat be-
tween 4.2 K and 80 K. In all experiments presented the mag-
netic field is applied along the magnetic easy axis to switch
the Fe contacts in a controlled manner.
We first demonstrate standard electrical spin-injection by
measuring the non-local voltage on the detector contact as
an electrical current is driven through the injection contact
(Fig. 2(a)(i)). Non-local spin-valve measurements are shown
in Fig. 2(b) for various temperatures. We can clearly resolve
the signal up to 80 K. In Fig. 2(c) the measured amplitude
of the electrical spin signal is plotted as a function of injec-
tion current for these temperatures. The change is consistent
with measurements by others34,35 in which the spin-signal is
largely dominated by spin decay during transport through the
non-magnetic channel. We quantify this decay in detection
efficiency by the scaling factor α = ∆VNL(T )/∆VNL(4.2 K)
independent of the bias current. This is plotted in Fig. 2(d)
and will be important later as it calibrates the temperature de-
pendence of the detection sensitivity, allowing us to compare
injection efficiency of any thermal-like spin-injection at dif-
ferent temperatures.
Next we apply the noise source to the injector contact
4(Fig. 2(a)(ii)). The noise is spectrally flat with a bandwidth
B ≈ 1.9 MHz, and the standard deviation is directly mea-
sured on the contact from fitting the distribution of voltages
recorded on an oscilloscope to account for attenuation in the
cryostat wiring and contact resistances. We then use Eq. (11)
to equate this with an effective temperature. In order to ac-
curately measure the small noise-induced voltages, we ampli-
tude modulate the applied noise and measure the dc voltages
with a lock-in amplifier.
A voltage applied to a tunnel junction is, by definition, the
difference in electrical potential between the left and the right
electrode. Therefore, the noise voltage can be regarded to
drop symmetrically across the barrier and it is not a priori clear
for which of the electrodes heating is simulated. However,
the electrode with an energy-independent density of states re-
ceives a net flow of electrons from below the electrochemical
potential of the other electrode for one voltage polarity and
injects electrons into states above the electrochemical poten-
tial for the opposite polarity. Therefore, the electrode with the
energy-independent density of states resembles the hot elec-
trode in a classical Seebeck measurement. The dc voltage
drop detected in the measurement is referenced to a specific
electrode, in this case the GaAs transport channel, so that the
noise-Seebeck voltage is always measured relative to the po-
tential of this electrode.
The local dc voltages resulting from this noise are plotted
in Fig. 3(a). This corresponds to the normal Seebeck effect
of the tunnel junction36. At the low temperatures at which
we measure, Teff varies significantly as the standard deviation
of the noise is varied. From Eqn. 13 the characteristic linear
temperature dependence of the Seebeck effect can be seen. In
order to recover this linear behavior we normalize all voltages
by sT and project all measurements to Tref = 4.2 K. This is
shown in Fig. 3(b). All the measurements at different temper-
atures lie on a single line up to ∆Teff ≈ 500 K, below which
a linear fit gives an effective Seebeck coefficient at 4.2 K of
−15 nVK−1. For comparison, the Seebeck coefficient of Fe
at 4.2 K is∼200 nVK−137, dominated by magnon-drag38. We
emphasize that because the bandwidth of the applied noise is
lower than typical magnon frequencies, we are not sensitive
to magnon-drag effects. When the applied voltage fluctua-
tions become too large, the measured data no longer follows
the expected behavior, likely because the assumptions in our
analysis break down: the energy-dependence of the transmis-
sion T and of the density of states Dl of the Fe electrode can
no longer be neglected.
Now we apply the same procedure to the non-local voltage
(Fig. 2(a)(iii)). The results are shown in Fig. 4(a). The mea-
surements are complicated by the change in the spin diffu-
sion length and spin detection efficiency of the detector elec-
trode with temperature, which we have to account for in or-
der to compare data at different temperatures. To do this the
extracted scaling coefficient α from Fig. 2(d) is used to map
the measured noise induced non-local voltages to the same
detection sensitivity as at 4.2 K. When the non-local spin-
dependent Seebeck-like voltages are normalized in this way
the results coincide on a single curve up to ∆Teff ≈ 500 K
as depicted in Fig. 4(b), from which we extract the effective
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Figure 4. (a) Noise-driven non-local spin-valve measurements. The
non-local voltage measured as a function of magnetic field at differ-
ent temperatures for σ = 59mV. The non-local Seebeck voltages
are extracted from the height of the switched region. (b) Non-local
Seebeck-like voltages, rescaled to Tref using the factor α sT/T . The
linear fit to the initial data gives an effective non-local Seebeck coef-
ficient of 33 pV K−1.
non-local spin-dependent Seebeck coefficient as 33 pV K−1.
In our spin detection experiments we are sensitive to a
change in the non-local voltage of ∼100 nV, which in case
of thermal spin injection would require a temperature differ-
ence of the order of 100 K across the barrier. This can be
compared to the results of a temperature profile calculation in
a simple finite element model of our device14,39. The model
uses a Gaussian-shaped heat source in the top gold layer of the
injector contact to simulate heating by a focused laser (beam
diameter 2µm) with exponential decay into the sample (the
absorption length was taken as 14 nm, calculated from the op-
tical constants in gold at a wavelength of 650 nm40). The tem-
perature difference is evaluated as ≈ 5 mK per absorbed mW
of laser power for a distance of 15 nm, which is the thickness
of the highly doped GaAs layer where the Schottky barrier
is formed. It should be noted that, depending on laser wave-
length, the actual laser power required to generate this amount
of heating can be much larger due to the large reflection coef-
ficient of the Au/vacuum interface. From this rough estimate
it seems unlikely the required temperature differences could
be achieved in a cw-optical heating experiment.
Additionally, the effective temperature mimicked by volt-
age noise corresponds only to the electron system; the magnon
temperature of the ferromagnetic electrode is not raised,
nor is the phonon temperature. This means that possible
spin-injection due to spin-pumping41 or phonon-drag42,43 ef-
fects could give contributions that would allow thermal spin-
injection to be observable at reasonable temperature differ-
ences. We note that with a larger bandwidth (>GHz) noise
source, it may be possible to use a similar technique to study
the thermal analog of spin-pumping, with incoherent instead
of coherent driving of the magnetization precession.
In summary we have attempted to address the possibility
of thermal spin-injection from iron into gallium arsenide via
the application of noise voltages to the injection contact. By
making a comparison in the broadening of the Fermi-Dirac
distribution for real temperatures and applied voltage fluctua-
tions, we estimate the thermal spin-injection efficiency. From
this estimation, it seems experimentally unfeasible to measure
5actual steady-state thermal spin-injection from heating of the
ferromagnet’s electron system alone. This may explain why,
while thermal spin-injection has been demonstrated in some
semiconductor systems, it has not been identified in Fe/GaAs.
In systems where thermal spin injection has been observed,
our technique may be helpful in confirming that electronic
contribution is dominant over phonon and magnon driven pro-
cesses. In addition, the much larger effective temperature dif-
ferences that it is possible to apply with our noise-based tech-
nique allow even very small effects to be quantified.
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